Abstract: Voltage-dependent potassium currents are important contributors to neuron excitability and thus also to hypersensitivity after tissue insult. We hypothesized that gastric ulcers would alter K + current properties in primary sensory neurons. The rat stomach was surgically exposed and a retrograde tracer (DiI) was injected into multiple sites in the stomach wall. Inflammation and ulcers were produced by 10 injections of 20% acetic acid (HAc) in the gastric wall. Saline injections (SAL) served as control. associated with an acceleration of inactivation kinetics. These data suggest that a reduction in K + currents contributes, in part, to increased neuron excitability that may lead to development of dyspeptic symptoms.
Introduction
Pain and discomfort are prominent symptoms of many chronic diseases of the gastrointestinal tract and are considered to reflect visceral hypersensitivity. Changes in the excitability of primary afferent neurons (peripheral sensitization) and/or altered information processing in the spinal cord or higher centers (central sensitization) are principal reasons for development of such hypersensitivity. We recently developed animal models to study the relative role of peripheral sensitization in gastric hypersensitivity (33) . Because voltage-sensitive ion currents are critical for action potential generation and neuron excitability (26) , we examined in these models properties of voltage-sensitive sodium currents in dissociated primary gastric sensory neurons harvested from the nodose and dorsal root ganglion (1) . We found significant changes in peak sodium current, contributed almost exclusively by the tetrodotoxin-resistant current, and in activation and inactivation kinetics after gastric insult, consistent with an important role of peripheral sensitization in visceral hypersensitivity triggered by gastric inflammation.
Other currents contribute to the control of neuron excitability at rest and during stimulation. Voltage-gated K + channels are responsible for repolarization and regulate action potential firing patterns (20) . Neurons express multiple voltage-sensitive K + currents that can be differentiated based on their biophysical and pharmacological properties (11, 17, 43) . In the present study, we characterized the properties of voltagesensitive K + currents in vagal and spinal gastric sensory neurons and tested the hypothesis that gastric inflammation alters K + currents, thereby contributing to 4 sensitization of gastric afferent neurons and gastric hypersensitivity. A preliminary report of some of these data has appeared in abstract form (6) .
Materials and Methods
Male Sprague-Dawley rats (150-200 grams; Harlan, Indianapolis, IN) were used for all experiments. Rats were housed under a 12-hour light and dark cycle with free access to food and water and were handled following the guidelines of the American Physiological Society. The experimental protocol was approved by the Animal Care and Use
Committee of The University of Iowa.
Cell labeling and induction of gastric ulcers
Under intraperitoneal pentobarbital anesthesia (50 mg/kg), the rat stomach was surgically exposed and 1.1'-dioctadecyl -3,3,3,'3-tetramethylindocarbocyanine methanesulfonate (DiI; 100 mg in 2 ml DMSO; Molecular Probes, Eugene, OR) was injected into 10 sites in the stomach wall (4 µl per site). The wound was closed with 4.0 silk suture and rats were allowed to recover for 7 days. Rats were again anesthetized with pentobarbital sodium (as above), the stomach was re-exposed and 20% acetic acid (HAc) or saline (control) was injected into 10 sites in the rat stomach wall in a similar manner (4µl per site). The previously labeled areas could be easily identified due to the presence of DiI, allowing us to selectively inject HAc or saline into areas with labeled afferents (1).
Nodose and dorsal root ganglion (DRG) neurons were harvested 7 days later.
Cell dissociation and culture
Rats were anesthetized and decapitated and the nodose ganglia or bilateral T9-T10 DRG rapidly removed. The ganglia were minced and incubated at 37 o C, 5% CO 2 for 45 minutes in low glucose DMEM (Gibco, Invitrogen Corp., Grand Island, NY) containing collagenase (type 4; 2 mg/ml; Worthington Biochemical Corp., Lakewood, NJ), trypsin
(1 mg/ml) and DNAse (0.1 mg/ml; both from Worthington). Tissue fragments were 6 gently triturated to encourage cell dissociation. The enzymatic digestion was terminated by adding soybean trypsin inhibitor (2 mg/ml; Sigma-Aldrich Co., St. Louis, MO), bovine serum albumin (2 mg/ml; Amresco, Solon, OH) and 5% rat serum (Atlanta Biologicals, Norcross, GA). Cells were collected by 5 minute centrifugation at 150 X g and resuspended in DMEM containing 5% rat serum and 2% chick embryo extract (Gibco). The cells were plated on poly-D-lysine-coated coverslips and incubated at 37 o C, 5% CO 2 for 2-3 hours before electrophysiological studies. Acutely dissociated neurons were round and devoid of any processes, thus reducing space-clamp errors.
Solutions and electrophysiological recordings
Cells were rinsed and transferred to a recording chamber (1ml) filled with external by more than 60%. Considering the peak transient outward current of less than 4 nA, the maximal voltage error after electronic correction would be less than 9 mV, assuming a doubling of the access resistance after establishing the whole cell configuration. Cells that had less than 60% series resistance compensation were discarded from study. The leak current and residual capacitative transients were digitally subtracted using a P/n protocol with P being the test pulse and n the number of hyperpolarizing voltage steps used for digital subtraction (n = 6 unless stated otherwise). To isolate transient outward currents, we employed a previously described electrophysiological protocol (11, 27) . Drugs were dissolved in water and added to the recording chamber and allowed to equilibrate for 5 minutes before recordings began. Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO).
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Statistical Analysis
All data are given as mean ± SEM. Comparisons were made using Student's unpaired ttest. Results were considered to be statistically significant when P<0.05.
Results

Electrophysiological Characterization of K + currents
Consistent with prior reports, depolarization from -110 mV to various test potentials triggered rapidly activating and partially inactivating outward currents in both nodose and Insert Figure 3 
Effects of 4-aminopyridine and -dendrotoxin
To determine the pharmacological properties of outward currents, we used 4-aminopyridine (4-AP) and -dendrotoxin (DTX). 4-AP inhibited the fast and slow transient outward currents in both nodose and DRG neurons (figure 4). In the presence of 5 mM 4-AP, the peak inactivating component decreased by 65±7% in nodose neurons (n=6) and 50±6% in DRG neurons (n=5). In cells with slowly inactivating outward currents, 4-AP significantly decreased the current at the end of the depolarizing pulse, which may be at least partly due to the slow inactivation kinetics. However, as shown in figure 4 A, 4-AP did not only block the transient outward current, but also affected the sustained component, albeit to a lesser degree. These results are consistent with prior reports, demonstrating that 4-AP can inhibit the delayed rectifier in some cells (24, 35) .
Insert Figure 4 Application of DTX (1µM, 5 min) reduced the peak and the sustained currents in both groups of neurons studied (figure 5). DTX inhibited 35±8 % and 20±4 % of the A-current in nodose (n=4) and DRG (n=5) neurons, respectively. Similarly, the sustained current at the end of a 300 ms step to 50 mV was decreased by 25±7 % and 11±4% in nodose and DRG neurons, respectively.
Effects of gastric ulceration on K + currents
HAc-induced gastric ulcers were confirmed macroscopically by the presence of ulcerations or wall thickening due to inflammation, consistent with previous report (2).
Gastric ulceration significantly increased nodose (n = 18) cell capacitance to 57.1±3.1 pF compared with 43.1±2.8 pF from saline-treated controls (p < 0.05). In contrast, DRG (n = 18) cell capacitance remained unchanged (62.3±2.5 vs. 68.1±3.5 pF; n.s.). To determine the effect of gastric injury on K + currents, we measured the outward currents triggered by a depolarization to 50 mV. To control for changes in cell size, we divided the results by cell capacitance (current density). As shown in figure 5 , gastric ulceration caused a significant decrease in density of the peak current from 276±11 pA/pF to 205±11 pA/pF (n = 18; p < 0.001, SAL vs. HAc) in nodose neurons and from 266±9 pA/pF to 209±11
pA/pF in DRG neurons (n = 24; p < 0.01, SAL vs. HAc). In contrast, the density of the 12 sustained outward current did not change significantly (nodose neurons: 154±10 vs.
144±13 pA/pF; DRG neurons: 192±12 vs. 215±14 pA/pF; SAL vs. HAc, respectively).
Consistent with these results, digital subtraction revealed that there was a significant decrease in the peak A-current from 149±11 pA/pF to 71±12 pA/pF (n = 18; p < 0.001) in nodose neurons and from 83±8 pA/pF to 47±6 pA/pF in DRG neurons (n = 24; p < 0.01).
Insert Figure 5 To examine whether gastric ulceration altered properties of the transient outward current, we determined kinetics and the voltage-dependence of activation and inactivation as described above. As we noted a decrease in the peak current, we analyzed the voltage- Insert Figure 6 As the reduction in A-current density may be in part due to a change in the voltage dependence of inactivation, we examined this property in sensory neurons from HActreated animals following the protocol described above. As shown in figure 3 9.0±0.6; n = 9; p < 0.05 compared with SAL) for nodose neurons and -79.7±1.2 mV (slope factor 9.2±0.5; n=13; n.s. compared with SAL) for DRG neurons.
Discussion
Using a previously established animal model of gastric ulceration, we have recently shown behavioral changes consistent with the development of gastric hypersensitivity (33) . To better understand peripheral mechanisms contributing to these behavioral effects, we examined the properties of primary afferent neurons innervating the stomach.
The key results of the present study are: 1) gastric afferent neurons in the nodose and DRG ganglion express potassium currents that can be distinguished based on their electrophysiological and pharmacological properties; 2) gastric ulceration decreases the transient outward current; and 3) gastric ulceration changes the electrophysiological properties of the transient outward current in nodose neurons. In the aggregate, these results suggest that hypersensitivity following gastric insult is contributed to, in part, by changes in K + currents that increase excitability of gastric sensory neurons.
Consistent with previously published reports, we identified three electrophysiologically distinct components of the total outward currents in DRG and nodose ganglion neurons (11, 17, 43) . In addition to the sustained potassium current, gastric sensory neurons express two inactivating outward currents that can be distinguished based on their kinetics of activation and inactivation, and their voltage dependence of inactivation. The time course of activation was strongly voltage-dependent for both components. Similarly, the decay of the rapidly inactivating current accelerated with stronger depolarization, a characteristic property of the rapidly inactivating potassium current in mammalian neurons (5, 11, 27) . In contrast, the more slowly inactivating component decayed at rates we and others did not observe such a selective effect on A-currents in visceral sensory neurons (16) . This difference between neurons innervating the skin (11) and the generally unmyelinated visceral sensory neurons may be due to differential expression of potassium channel subunits (13, 19) . Such a differential expression of potassium channel subunits has been documented for DRG neurons (34) .
Gastric ulceration altered the properties of potassium currents in both DRG and nodose ganglia by decreasing the fast and slow component of the transient outward current, while the sustained potassium current remained unchanged. We also noted a change in the voltage-dependence of activation and inactivation of the rapidly inactivating current with a shift to more hyperpolarized potentials in nodose neurons, which will further decrease the number of channels that can be activated upon depolarization from the resting membrane potential. Similar results have previously been described in visceral sensory neurons studied during inflammation of the bladder (42) whereas axotomy decreased potassium channel expression (22) or current density without altering channel properties (10) . Such differential effects of organ inflammation compared with nerve injury have also been reported for sodium currents (1, 8).
Ishikawa et al. (22) recently reported selective down-regulation of Kv1.1-3 and Kv2.1
proteins after axotomy and suggested that the reduction in expression of these K + channel proteins may be responsible for the reduction in A-current observed in the same model of injury (11) . Similarly, changes in the expression and distribution of sodium channels have been described in response to inflammation within the target organs or axotomy (3, 18) . The sparse innervation of the gastrointestinal tract with less than 1 % of DRG neurons projecting to the stomach did not allow us to examine the molecular changes that underlie the decrease in A-current density in more detail. However, others have attributed the reduction of A-current in cutaneous neurons after axotomy to selective downregulation of potassium channel subunits (10) . Furthermore, potassium channel Kv1.1-2 and 1.6 proteins have been reported to influence the excitability of rat visceral sensory neurons (16) .
Interestingly, we also noted a change in the size of nodose neurons, assessed by measuring the whole cell capacitance. While we did not systematically study this and cannot reach firm conclusions based on our data, the small number of labeled gastric neurons argues against a significant selection bias. Moreover, similar findings have previously been reported in response to inflammation (1, 29, 42) . 
